Diabetes elevates matrix metalloproteinase (MMP)-9 levels in the skin and its keratinocytes, and activated MMP-9 impairs skin wound healing. Epigenetic regulation of the DNA methylation status within the MMP-9 promoter plays an important role in the alteration of MMP-9 expression. Our aim was to investigate the role and mechanism of growth arrest and DNA damage-inducible 45a (GADD45a), a well-known DNA demethylation regulatory protein that mediates DNA methylation, in the regulation of MMP-9 expression. In this study, we showed that GADD45a was markedly upregulated in skin tissues from patients with diabetic foot ulcers, in diabetic rats, and in human keratinocyte (HaCaT) cells exposed to advanced glycation end products. We observed a substantial positive correlation between the levels of GADD45a and MMP-9 expression. Knockdown of GADD45a ameliorated the increase in MMP-9 transcription induced by a diabetic condition by inhibiting demethylation in the MMP-9 promoter and promoted diabetic HaCaT cell migration, but GADD45a knockdown did not affect HaCaT cell proliferation or apoptosis. Additionally, we demonstrated that overexpression of GADD45a activated MMP-9 expression by inducing promoter demethylation. Moreover, we found that GADD45a binds to the promoter of MMP-9 and recruits thymine-DNA glycosylase for base excision repair-mediated demethylation in diabetic HaCaT cells and diabetic rat skin. Our results reveal a mechanism in which GADD45a is required for demethylation of the MMP-9 promoter and the induction of diabetic wound healing. The inhibition of GADD45a might be a therapeutic strategy for diabetic foot ulcers. (Endocrinology 159: 1172(Endocrinology 159: -1186(Endocrinology 159: , 2018 D iabetes mellitus (DM) is an ever-growing problem, and the number of diabetic adults worldwide is projected to reach 439 million in 2030 (1). Diabetic foot ulcers remain one of the major causes of amputation in working patients. Despite intensive therapy, only 60% of all diabetic foot ulcers are healed within 1 year of onset, and .10% of individuals with diabetic ulcers will eventually require lower extremity amputation (2).
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iabetes mellitus (DM) is an ever-growing problem, and the number of diabetic adults worldwide is projected to reach 439 million in 2030 (1) . Diabetic foot ulcers remain one of the major causes of amputation in working patients. Despite intensive therapy, only 60% of all diabetic foot ulcers are healed within 1 year of onset, and .10% of individuals with diabetic ulcers will eventually require lower extremity amputation (2) .
Studies have documented that diabetes activates matrix metalloproteinases (MMPs), especially MMP-9, which disrupts the homeostasis between extracellular matrix (ECM) synthesis and degradation, a phenomenon that precedes diabetic wound healing (3) (4) (5) (6) (7) . Our previous studies have demonstrated that MMP-9 plays a pivotal role in the process of wound healing. Increased MMP-9 expression inhibits wound healing in patients with diabetic foot ulcers and in diabetic rats, whereas decreased MMP-9 expression improves diabetic chronic wound healing (8) (9) (10) . Recently, many studies have shown that epigenetic mechanisms play a central role in controlling MMP-9 gene expression, including histone modification, DNA methylation, and noncoding RNAs (11) .
Increasing studies have suggested that epigenetic factors contribute to the pathogenesis of diabetic complications (12, 13) . Genomic DNA methylation profiling of type 2 DM islets revealed that CpG loci exhibited a substantial hypomethylation phenotype, which may provide insight on DNA methylation and diabetic pathogenesis (14) . Recently, Kowluru et al. (15) demonstrated that the hyperglycemic milieu induces hypomethylation of the retinal MMP-9 promoter, thereby regulating its transcription. Our previous studies have shown that advanced glycation end products (AGEs), a complex associated with diabetic complications (16) (17) (18) , and tumor necrosis factor a induce MMP-9 promotor demethylation (19, 20) . However, the molecular mechanisms underlying active DNA demethylation of the MMP-9 promoter in diabetic skin are complex and have not yet been clarified.
Growth arrest and DNA damage protein 45a (GADD45a) is a member of a small family of stress-response genes and serves as a nexus between DNA repair and epigenetic gene regulation by mediating demethylation (21) (22) (23) . GADD45a has been identified as a diabetes-associated gene that may link diabetic cardiomyopathy and baroreflex dysfunction, and 11 direct interacting proteins have been found to be highly associated with DM (24) . However, whether GADD45a participates in MMP-9 promoter demethylation remains an important question.
Here, we used skin tissues from patients with diabetic foot ulcers; the streptozotocin (STZ)-induced diabetic rat model, which is one of the most extensively characterized models of diabetic skin pathology; and diabetic human keratinocyte (HaCaT) cells to explore the expression levels of GADD45a and MMP-9, thereby providing a therapeutic target for diabetic foot ulcers. We found that GADD45a was significantly upregulated under diabetic conditions in vivo and in vitro, and its expression level was positively correlated with MMP-9 expression. Next, we showed that GADD45a targeted the promoter of MMP-9 and recruited thymine-DNA glycosylase (TDG) to induce MMP-9 promotor demethylation. Thus, our data corroborate a close link between the GADD45a-and 10-11 translocation protein (TET)-TDG-mediated DNA demethylation pathways, and our results provide a potential preventive strategy for chronic skins ulcers in DM.
Materials and Methods

Participants and tissue specimens
Patient skin-tissue specimens were obtained from the Sun Yat-sen Memorial Hospital of Sun Yat-sen University (DM foot skin specimens, n = 5; non-DM skin specimens, n = 5). Samples were collected after written consent was obtained from the patients; the study received ethics approval and was conducted in accordance with the Declaration of Helsinki II. Diabetic foot ulcers from individuals with an active foot ulcer and nondiabetic foot specimens from healthy, nondiabetic subjects were obtained. The two groups were matched for age and sex. In addition, the diabetic groups were matched for the duration of diabetes and glycemic control, as defined by the levels of hemoglobin A1c. All of the diabetic foot patients had type 2 diabetes with neuropathy and peripheral artery disease, and one patient had an infection. The clinical information of the participants can be found in Supplemental Table 1 .
Animals and the establishment of an STZ-induced diabetic rat model
All protocols for animal use and euthanasia were approved by the Sun Yat-sen University Institutional Animal Care and Use Committee. Twelve male Sprague-Dawley rats, each weighing ;220 to 260 g, were randomized into the control (n = 6) or experimental (n = 6) group after adaptive feeding for 1 week. Animals were maintained on a 12-hour dark-light artificial cycle (lights on at 7:00 AM) with food and water available ad libitum. Diabetes was induced by an intraperitoneal injection of 35 mg/ kg STZ (Sigma-Aldrich, St. Louis, MO) in citrate buffer (pH 4.2) for 3 consecutive days. Animals injected with buffer alone were used as normal controls (n = 6). After a final injection of STZ at 72 hours, rats with a fasting blood glucose level of 16.7 mmol/L or higher, as determined from the tail vein blood using a OneTouch II ® glucometer (LifeScan, Rochester, NY), were used as established DM models. STZ-treated rats were given daily injections of a small dose of protamine zinc insulin (;0.5 to 3.0 U/d), as required to reduce mortality by maintaining blood glucose levels and avoiding ketosis. Rats were housed for 8 additional weeks before they were euthanized, and then, tissue was harvested. Skin specimens were fixed in 4% paraformaldehyde overnight at 4°C and then embedded in paraffin for morphometric studies. Paraffin-embedded tissues (4-mm sections) were stained for subsequent immunohistochemical examination.
Cell culture
The immortalized HaCaT line was cultured in Dulbecco's modified Eagle's medium, supplemented with 10% fetal calf serum and 1% antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin) at 37°C in 5% CO 2 . Cells were grown to ;30% to 40% confluence and treated with 100 mg/ml glycolaldehydemodified AGE-bovine serum albumin (BSA; AGEs; Calbiochem, La Jolla, CA) or BSA (Calbiochem) at the same concentrations for ;24 to 72 hours. DNA and RNA were isolated from cells or tissues using TRIzol (Life Technologies, Carlsbad, CA).
Immunohistochemistry and data analysis, immunofluorescence, plasmid construct, and transfection
For further details, please see Supplemental Materials and Methods.
Quantitative real-time polymerase chain reaction analysis
For quantitative real-time polymerase chain reaction (qPCR), total RNA was extracted, and 1 mg total RNA was converted into cDNA using a PrimeScript TM RT Kit (TaKaRa, Otsu, Japan). Amplification and analysis were performed with a Roche LightCycler96 Real-Time PCR System (Roche, Basel, Switzerland). Values were normalized to the housekeeping gene actin B (ACTB). Alternatively, gene-specific primers were used (Supplemental Table 2 ).
Cell proliferation assays and cell cycle and apoptosis analyses
Cell proliferation was measured using the Cell Counting Kit-8 Assay (Dojindo Laboratories, Kumamoto, Japan). For cell analyses, cells were fixed and digested with RNase A, and propidium iodide was added before flow cytometry analysis. To examine cell apoptosis, cells were resuspended in binding buffer and stained with Annexin V and propidium iodide for 15 minutes in the dark before flow cytometry analysis. Details of the procedure are provided in Supplemental Materials and Methods.
Wound-healing assay
HaCaT cells were treated with AGEs or BSA and transfected with the indicated small interfering RNAs (siRNAs). After 48 hours, the attached cells were scratched with a 10-ml pipette tip, and images were captured at 0 hour using a microscope. The plates were returned to the 37°C incubator and cultured with 5% CO 2 for 24 hours, at which time another set of images of the same wounds was captured. The wound widths were measured with ImageJ software (National Institutes of Health, Bethesda, MD) and were normalized and presented as a percentage of the wound measured at time zero.
Western blotting analysis
Total proteins extracted from each group of cells were resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes (Millipore, Billerica, MA). After blocking, the polyvinylidene difluoride membranes were washed three times for 10 minutes with tris(hydroxymethyl)aminomethanebuffered saline and Tween 20 at room temperature and incubated with primary antibodies (Table 1) . Following extensive washing, membranes were incubated with secondary peroxidase-linked goat anti-rabbit immunoglobulin G (IgG) for 1 hour at room temperature. After washing three times for 10 minutes with tris(hydroxymethyl)aminomethane-buffered saline and Tween 20 at room temperature once more, the immunoreactivity was visualized by enhanced chemiluminescence, and membranes were exposed to the Imaging System G (Syngene, Cambridge, UK).
siRNAs, PCR primers, drugs, and antibodies siRNAs against GADD45a, GADD45b, GADD45g, TDG, TET2, and control siRNAs were purchased from GenePharma (Shanghai, China) and transfected with Lipofectamine 3000 (Invitrogen, Carlsbad, CA). All knockdown experiments showed at least a 70% reduction in target gene expression with a single siRNA. Primers were synthesized by GENEray biotechnology (Shanghai, China). The sequences of siRNAs used in this study are listed in Supplemental Table 3 ; we tested two siRNAs for every gene and screened for the most effective siRNA to use in the subsequent experiments. CRT 0044876 and 5-aza-2 0 -deoxycytidine were purchased from Sigma-Aldrich, diluted in dimethyl sulfoxide, and added to the cell culture media for a final concentration of 0.5 and 5 mM; the cells were then incubated for 48 or 72 hours. The following antibodies were used and listed in Quantitative DNA methylation analysis DNA methylation was analyzed using bisulfite-converted genomic DNA (EZ DNA Methylation Kit; Zymo Research, Irvine, CA) and the MassARRAY system (Sequenom, San Diego, CA), as previously reported. Details of the procedure are provided in Supplemental Materials and Methods. DNA methylation levels were quantified from mass spectra using Epityper Software v.1.2 (Sequenom) and were measured by the Beijing Genomics Institute. The MassARRAY primers for the MMP-9 locus are listed in Supplemental Table 4 .
Chromatin immunoprecipitation
Cells were cross-linked with 1% paraformaldehyde at room temperature for 10 minutes, quenched with 0.5 M glycine, lysed in nuclei lysis buffer for 10 minutes, placed on ice, and sonicated seven times (15 seconds on and 59 seconds off) at 4°C to yield ;150 to 250 base pair (bp) DNA fragments. The sheared chromatin was incubated with the indicated antibodies. Protein-DNA complexes were captured on protein A/G agarose, followed by washes in low-salt buffer, high-salt buffer, LiCI buffer, and Tris/EDTA buffer, according to the manufacturer's recommendations (Millipore). After elution and reversal of the cross-link, DNA was extracted and amplified by qPCR. The amount of precipitated DNA was normalized to the amount of both the input DNA and the IgG-bound DNA. The primers were designed to amplify six regions upstream of the transcriptional start site (TSS; Supplemental Table 5) .
Coimmunoprecipitation
HaCaT cells, in which Flag-tagged GADD45a was overexpressed, were lysed. The skin tissues of rats were cut and lysed overnight on ice with immunoprecipitation (IP) lysis buffer. Following preclearing of the lysate by centrifugation and incubation with control agarose resin for 1 hour at 4°C, lysates were incubated on a rotating wheel overnight at 4°C with specific antibodies or IgG as a control. Assay was performed using a coimmunoprecipitation (Co-IP) kit (Pierce, Rockford, IL), according to the manufacturer's instructions.
Statistical analysis
Each experiment was performed at least three times. Data were presented as the means 6 standard deviation (SD) where applicable and analyzed using SPSS software (IBM, New York, NY). Comparison of two groups was performed using an unpaired t test. Statistical significance was assessed with ANOVA, followed by a least significant difference test for multiple comparisons. P , 0.05 was considered statistically significant.
Results
GADD45a and MMP-9 are overexpressed in diabetic skin and cells exposed to AGEs
To investigate the role of the GADD45a protein in diabetic skin, GADD45a expression and distribution in human and rat skin tissues were analyzed. We used immunohistochemistry to examine GADD45a expression in diabetic skin biopsy samples and normal skin tissue samples. Abundant GADD45a expression was observed in the epidermal skin tissues of DM patients and was localized in the dermal and subcutaneous connective tissues [ Fig. 1(a) ]. In contrast, GADD45a expression levels in diabetic skin were significantly higher than those in non-DM skin [P = 0.001, insulin receptor substrate (IRS):DM group 10.0 6 2.8 vs non-DM group 0.6 6 0.54; Fig. 1(c) ]. In addition, we examined six diabetic rat skin samples and six nondiabetic rat skin samples. During the establishment of the diabetic rat model, no experimental animals died of hyperglycemia or other complications. We observed a substantial increase in GADD45a expression in the skin tissue of DM rats [P , 0.001, IRS: DM group 9.6 6 2.2 vs non-DM group 0.6 6 0.5; Fig.  1 (b) and 1(c)]. We then examined MMP-9 expression and found that MMP-9 expression levels were significantly higher in diabetic skin tissues than in non-DM skin tissues [ Fig. 1(d)-1(f) ]. MMP-9 expression was positively correlated with GADD45a expression in human skin tissue (Supplemental Fig. 1) .
The superficial layer of the epidermis (;60 mm) interfaces more directly with the outside world than the deeper dermal layer, and the epidermis is composed of ;95% keratinocytes. We first confirmed that GADD45a and MMP-9 mRNA and protein were expressed in HaCaT cells treated with 100 mg/ml AGEs for 24, 48, and 72 hours. The mRNA levels of GADD45a were increased after 48 and 72 hours, and MMP-9 mRNA levels were increased after 72 hours [ Fig. 1(g) and 1(h) ]. GADD45a and MMP-9 protein expression levels were both increased after 24 hours, but they were significantly increased after treatment with AGEs for 72 hours [ Fig. 1(i) ]. In contrast, the mRNA and protein expression levels of GADD45b/g were not significantly altered after treatment with AGEs [ Fig. 1(g) and 1(i) ]. Therefore, we selected the time point of 72 hours for subsequent experiments. Fluorescence microscopy also showed that AGEs treatment increased the expression level of GADD45a, which was predominantly located in the nucleus [ Fig. 1(j) ].
GADD45a affects the biological function of HaCaT cells
Next, we examined the impact of GADD45a on the biological function of HaCaT cells. We observed that the in vitro proliferation and apoptosis rates of HaCaT cells transfected with siRNA targeting GADD45a were similar to those of cells transfected with a scrambled siRNA sequence (siRNA control) after treatment with AGEs [ Fig.  2(a)-2(c) ]; the interference efficiency is shown in Fig. 3(a)  and 3(b) . Next, we analyzed the proportion of cells in various stages of the cell cycle using flow cytometry. Likewise, the results were not different among the groups [ Fig. 2(d)-2(f) Fig. 2(g ) and 2(h)]. These experiments showed that the silencing of the expression of GADD45a can effectively promote the migration ability of diabetic HaCaT cells.
Knockdown of GADD45a promotes diabetic
HaCaT cell migration via the transcriptional downregulation of MMP-9
Our previous experiments have shown that increased MMP-9 expression contributes to delayed wound healing in late-stage diabetic foot ulcers (8) . As GADD45a is a powerful nuclear protein and is overexpressed in diabetic skin tissues, we proposed that it might be involved in regulating MMP-9 expression. To investigate further the association between GADD45a levels and MMP-9 expression, we transiently knocked down GADD45a expression in HaCaT cells by RNA interference without AGE treatment. Real-time PCR and Western blot results showed that GADD45a expression was significantly downregulated, as shown in Fig. 3(a) and 3(b) . Downregulation of GADD45a resulted in decreased MMP-9 mRNA and protein expression compared with controls; however, downregulation of GADD45b/g did not affect the transcription or post-transcriptional levels of MMP-9 [ Fig. 3(c)-3(f) ]. Following exposure to AGEs, we found that the mRNA and protein levels of MMP-9 were also inhibited by siRNA GADD45a [ Fig. 3(g) and 3(h) ].
Then, we generated the recombinant adenovirus (Ad)-GADD45a and transfected HaCaT cells for 48 hours. The mRNA and protein levels of MMP-9 following the upregulation of GADD45a were significantly higher than those in the control group [ Fig. 3(i) and 3(j) ]. Based on the previous results, we concluded that GADD45a regulates MMP-9 expression.
GADD45a activates MMP-9 transcription by inducing the demethylation of the MMP-9 promoter
As our previous study showed that wound healing in diabetic skin was related to MMP-9 DNA demethylation (19), we reasoned that GADD45a might be involved in the activation of the transcription of MMP-9 via DNA demethylation. We detected MMP-9 promoter methylation in diabetic rat skin tissues and AGE-treated HaCaT cells. There are 12 CpG sites in the MMP-9 promoter of the rat [ Fig. 4(a) ]. Because the method of MassARRAY could not detect the 2691-bp site, we evaluated the methylation levels of 11 CpG sites. In diabetic rat skin tissues, MMP-9 promoter methylation was significantly decreased at three CpG sites (2329, 297, and 256 bp) compared with nondiabetic skin tissues [ Fig. 4(b) ]. After treatment of HaCaT cells with AGEs for different durations, we evaluated 10 CpG sites in the MMP-9 gene promoter and observed DNA demethylation in several CpG sites; in particular, after 72 hours of treatment, there was a substantial decrease of methylation (Supplemental Fig. 2) . Therefore, the time point of 72 hours may be important for substantial demethylation of the MMP-9 promoter by the demethylation protein complex. Among the 10 CpG sites of MMP-9 in HaCaT cells treated with AGEs for 72 hours, DNA methylation was significantly decreased at three CpG sites (2233, 2223, and 236 bp) compared with those in control cells [ Fig. 4 
(c) and 4(d)].
Knockdown of GADD45a led to increase methylation at the 236-bp CpG site with BSA exposure, thus supporting that GADD45a is required for the maintenance of MMP-9 promoter hypomethylation [ Fig. 4(e) ]. However, with AGEs treatment, siGADD45a transfection led to a 39.3% increase in DNA methylation around the TSS of MMP-9 [2233, 2223, and 236 bp; Fig. 4(f) ]. Then, we transfected HaCaT cells with Ad-GADD45a-Flag and detected the DNA methylation level of the MMP-9 promoter after 48 hours. We found that methylation was significantly reduced at three CpG sites [2712, 2223, and 236 bp; Fig. 4(g) ]. Indeed, knockdown of GADD45a in AGEs-treated HaCaT cells (expressing both GADD45a and MMP-9) led to decreased occupancy of both RNAP II and histone acetyltransferase p300 at the MMP-9 promoter [ Fig. 4 (h)-4(j)]. Therefore, knockdown of GADD45a inhibited the AGEs-induced demethylation of the MMP-9 promoter and inhibited MMP-9 expression in HaCaT cells.
GADD45a mediates MMP-9 promotor demethylation by TDG-dependent base excision repair
GADD45a removes methylated cytosine residues through nucleotide excision repair (NER) or base excision repair (BER) machinery (25) (26) (27) . To detect the mechanism of MMP-9 demethylation, we examined the mRNA expression levels of the NER pathway [xeroderma The results showed that TDG expression was significantly higher in AGEstreated HaCaT cells than in control cells at 72 hours, whereas the NER pathway mRNA expression levels did not change [ Fig. 5(a) ]. To clarify the role of TDG, we monitored MMP-9 expression after knockdown of TDG and showed that it was markedly reduced [ Fig. 5(b) and 5(c)]; however, the MMP-9 mRNA expression levels were not significantly different after knockdown of NER genes (Supplemental Fig. 3 ). To show that GADD45a recruits TDG, an essential protein of the BER pathway, to mediate active demethylation, we treated cells with CRT0044876 (a BER inhibitor) and monitored MMP-9 expression. The BER inhibitor prevented the GADD45a-dependent expression of MMP-9, but GADD45a expression was not affected [ Fig. 5(d) ]. In addition, the To demonstrate that GADD45a and TDG regulate MMP-9 expression by adjusting the demethylation level of the MMP-9 promoter, we treated cells with 5-aza-2 0 -deoxycytidine, which causes DNA demethylation, and detected the MMP-9 expression levels. 5-Aza-2 0 -deoxycytidine promoted MMP-9 expression and prevented the siGADD45a-or siTDG-induced decrease in MMP-9 expression [ Fig. 5(g) and 5(h) ].
GADD45a binds to TDG to promote MMP-9 promoter demethylation
To monitor the interaction between GADD45a and TDG, we performed Co-IP experiments with HaCaT cells overexpressing Flag-GADD45a and diabetic rat skin tissues and confirmed the association of TDG with GADD45a [ Fig. 6 (a) and 6(b)]. TDG is involved in a major active DNA demethylation pathway by excising the oxidation products, participating in TET-mediated oxidation of methylcytosines (28, 29) . Our previous studies have shown that TET2 binds to the promoter of MMP-9, which expands its demethylation under diabetic conditions (19) . To examine further whether GADD45a cooperates with the TET2-TDG demethylation pathway to activate MMP-9 expression, we examined the changes in 5-methylcytosine (5mc) and 5-hydroxymethylcytosine (5hmc) and found no substantial difference between the siGADD45a and mock groups [ Fig. 6(c) and 6(d) ] or between the Ad-GADD45a and vector groups treated with BSA or AGEs [ Fig. 6 (e) and 6(f)]; however, the levels of 5mc in the AGEs treatment groups were lower than those in the BSA treatment groups [ Fig. 6(c) ], which is consistent with our previous report (19) . We also determined that there was no association between TET2 and GADD45a (data not shown), confirming that GADD45a did not directly affect the role of TET2 or the overall methylation level in diabetic HaCaT cells. Moreover, the chromatin immunoprecipitation (ChIP) experiment revealed that GADD45a has a substantial enrichment at the MMP-9 promoter in AGEs-treated HaCaT cells but not IgG or TDG [ Fig. 6 (g) and 6(h)], thus supporting that GADD45a binds to the MMP-9 promoter and recruits TDG to mediate demethylation.
Discussion
Our findings identified GADD45a as an important signature protein in diabetic skin ulcers. GADD45a was shown to be markedly upregulated in the skin tissue of patients with diabetic foot ulcers and in the skin of diabetic Sprague-Dawley rats; moreover, the upregulation of GADD45a was associated with MMP-9 expression. More importantly, our study showed that inhibiting GADD45a increased the migration ability of diabetic skin cells by downregulating the expression of MMP-9 in vitro. The suppression of TDG levels to prevent GADD45a-mediated MMP-9 demethylation may be a mechanism whereby overexpressed MMP-9 degrades the ECM in diabetic skin ulcers. Our study also demonstrated that GADD45a protein interacts with TDG in vitro and in vivo. Based on these findings, we propose the model illustrated in Fig. 7 . The targeting of GADD45a, a demethylation-promoting protein, may be a good approach to preventing the amputation of a diabetic foot.
Evidence has revealed that hyperglycemia could induce genomic hypomethylation and aberrant gene expression within the liver of type 1 DM rats (30) , the skin of type 1 DM zebrafish (31) , and human primary aortic endothelial cells (32, 33 ). However, the expression level and effect of the GADD45a protein remain poorly understood in diabetic skin tissues. Moreover, it is unknown whether GADD45a participates in regulating MMP-9 promoter methylation in diabetic skin cells.
Herein, our data indicate that GADD45a is capable of upregulating MMP-9 expression in diabetic skin cells, but its downregulation leads to aberrant MMP-9 activation without AGEs stimulation, suggesting that GADD45a is an essential factor for MMP-9 expression in HaCaT cells, which warrants investigation in a large number of clinical samples. In our study, GADD45a/b/g expression was different in diabetic skin tissues and cells. These differences revealed that GADD45 family proteins were tissue specific in human tissues and diseases.
To explain the roles of GADD45a in MMP-9 expression and promoter demethylation under the diabetic conditions, GADD45a interference RNA or Ad-GADD45a was constructed and transfected into HaCaT cells. We demonstrated that downregulated GADD45a could reverse the pathological effects of MMP-9 on the degradation of ECM proteins by promoting the migration of diabetic cells. Moreover, GADD45a interference RNA did not affect cell proliferation or apoptosis in our study, indicating that the extent of inhibition of GADD45a is appropriate to study the change of the demethylation level of the MMP-9 promoter. The expression of GADD45a leads to an important change in the CpG sites of the MMP-9 promoter, which undergoes up-or downregulation of methylation after the corresponding changes of GADD45a expression. Therefore, GADD45a expression should be inhibited in an appropriate range, which is a more effective reduction of MMP-9 demethylation and more beneficial to the treatment of a diabetic foot ulcer.
Regarding the demethylation mechanism of GADD45a, in our study, we indicated that the GADD45a protein bound and interacted with the 2668-to 2538-bp segments of the MMP-9 promoter. The segments are rich with transcription factor binding sites, such as nuclear factor kB, Sp1 transcription factor, and AP-1 transcription factor; Figure 6 . GADD45a binds to TDG to promote MMP-9 promoter demethylation. (a) FLAG-tagged GADD45a was immunoprecipitated from lysates of transfected HaCaT cells, and coprecipitated TDG was evaluated on immunoblots with antibodies against TDG and FLAG. The input sample was 10% of the lysate that was used for IP. The positions of molecular weight marker proteins are indicated. (b) GADD45a was immunoprecipitated from lysates of diabetic rat skin tissues. (c and d) 5mc and 5hmc levels, which reflect global gene methylation, were measured by the quantification of methylcytosine and hydroxymethylcytosine, respectively. 5mc and 5hmc levels in HaCaT cells, 48 hours after transfection with siGADD45a or control RNA (Mock) and treatment with BSA or AGEs. (e and f) 5mc and 5hmc levels in the MMP-9 promoter were measured using HaCaT cells by quantifying methylcytosine and hydroxymethylcytosine levels after treatment with Ad-GADD45a or control adenoviruses (Vector). (g and h) ChIP assays showing the enrichment of GADD45a and TDG at the MMP-9 promoter in HaCaT cells treated with BSA or AGEs. Coprecipitated DNA was analyzed by qPCR. Data are presented as the means 6 SD of three independent experiments (n = 3). **P , 0.01 vs the corresponding control group. therefore, they may involve the process of GADD45a-mediated demethylation, thereby regulating MMP-9 expression. Actually, the role of DNA demethylation is to affect transcription factor binding (34, 35) . Moreover, our results showed that MMP-9 and GADD45a protein levels increased after 24 hours by treatment with AGEs. This phenomenon suggests that GADD45a may be involved in the demethylation of MMP-9 in the early stage, and there may exist another mechanism that adjusts the expression of MMP-9, such as regulation by noncoding RNA, histone modifications, and transcription factor activity. Therefore, the function of this segment in the demethylation of the MMP-9 promoter and regulation of MMP-9 gene expression should be investigated in further studies.
Multiple mechanisms underlying active demethylation have been proposed, including C-C bond cleavage on the exocyclic methyl group and BER and NER pathways of replacement of the methylated cytosine (36) . Our study showed that GADD45a interacts with TDG and helps mediate the demethylation of the MMP-9 promoter using BER and TDG. TDG can replace 5mc with unmethylated cytosine by excising the interactive oxidation products of DNA methylation, including 5-formylcytosine and 5-carboxylcytosine (28, 37, 38) . We observed that TDG was not enriched in the MMP-9 promoter. Therefore, GADD45a cannot stimulate TDG to undergo specific substrate binding; rather, GADD45a may act as a scaffold protein that directs TDG to the promoter of target genes and excises the oxidation products (5-formylcytosine and 5-carboxylcytosine). The interaction of GADD45a and TDG induced the demethylation of gene promoters, which is consistent with a recently proposed model (39, 40) . We analyzed the methylation levels in the MMP-9 promoter following AGEs treatment of different durations. The results showed that methylation was reduced, not only after 72 hours but also at 48 and 96 hours (Supplemental Fig. 3 ). We found that TDG levels significantly increased only after 72 hours and that its levels were decreased after 96 hours; therefore, the location of demethylation proteins seems to be more important than their expression levels in the process of demethylation. Further investigation will be required to reveal the molecular mechanisms by which GADD45 proteins regulate the role of TDG enzymes in specific loci in the chromatin contexts. In addition, GADD45a interacts with TETmediated oxidative DNA demethylation by directly binding to each other (41); therefore, many auxiliary factors may be involved in modulating the activity of the TET-TDG system.
Moreover, we found that knockdown of GADD45a had no effect on the levels of 5mc and 5hmc but did influence MMP-9 promoter hypermethylation and gene downregulation. This is consistent with GADD45-mediated demethylation being restricted to single-copy genes, and global methylation appears to be unaffected by GADD45a expression (42, 43) ; this phenomenon was also demonstrated in GADD45a knockout mice (44) . Our previous studies demonstrated that TET2 contributes to the development of diabetic skin ulcers by promoting MMP-9 promoter demethylation (19, 20) . Therefore, we favor a model in which GADD45a promotes active DNA demethylation by recruiting TDG to target loci and further promotes the TET-TDG demethylation pathway.
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